Diverse polycationic polymers have been used as nonviral transfection agents. Here we report the ability of colloidal silica particles with covalently attached cationic surface modifications to transfect plasmid DNA in vitro and make an attempt to describe the structure of the resulting transfection complexes. In analogy to the terms lipoplex and polyplex, we propose to describe the nanoparticle-DNA complexes by the term "nanoplex". Three batches, Si10E, Si100E, and Si26H, sized between 10 and 100 nm and with potentials ranging from +7 to +31 mV at pH 7.4 were evaluated. The galactosidase expression plasmid DNA pCMV was immobilized on the particle surface and efficiently transfected Cos-1 cells. The transfection activity was accompanied by very low cytotoxicity, with LD 50 values in the milligrams per milliliter range. The most active batch, Si26H, was produced by modification of commercially available silica particles with N-(6-aminohexyl)-3-aminopropyltrimethoxysilane, yielding spherical nanoparticles with a mean diameter of 26 nm and a potential of +31 mV at pH 7.4. Complexes of Si26H and pCMV plasmid DNA formed at w/w ratios of 10 were most effective in promoting transfection of Cos-1 cells in the absence of serum. At this ratio, >90% of the DNA was associated with the particles, yielding nanoplexes with a net negative surface charge. When the transfection medium was supplemented with 10% serum, maximum gene expression was observed at a w/w ratio of 30, at which the resulting particle-DNA complexes possessed a positive surface charge. Transfection was strongly increased in the presence of 100 µM chloroquine in the incubation medium and reached approximately 30% of the efficiency of a 60 kDa polyethylenimine. In contrast to polyethylenimine, no toxicity was observed at the concentrations required. Atomic force microscopy of Si26H-DNA complexes revealed a spaghetti-meatball-like structure. The surface of complexes prepared at a w/w ratio of 30 was dominated by particles half-spheres. Complex sizes correlated well with those determined previously by dynamic light scattering.
INTRODUCTION
The past decade has witnessed the arrival of a range of new synthetic transfection agents, including cationic peptides, dendrimers, polyethylenimine, and novel lipids (1) (2) (3) (4) (5) . The efficiency of nonviral transfection systems has improved several orders of magnitude. However, this is not due to the discovery of new transfection reagents per se, but also a product of the grown understanding of the biological processes that take place during transfection and the rational manipulation of these. Milestones include the concept of receptor targeting (6) and endosomal escape (chloroquine, endosomolytic peptides and viruses, proton sponges) (3, (7) (8) (9) . Currently, research groups are seeking ways to facilitate the nuclear transfer of transfected DNA after it has entered the cytoplasm (10, 11) or to circumvent this problem by cytoplasmic gene expression (12) . Exhaustive reviews on these topics have been published recently (13) (14) (15) . Along with the more detailed understanding of transfection, the most advanced transfections agents are getting increasingly complex and might already be termed transfection "systems". These will carry a number of functional components that can be more or less integrated: (1) a plasmid or other suitable form of DNA, (2) a DNA carrier, (3) one or more receptor ligand, (4) an endosomolytic factor, (5) a nuclear localization signal, (6) a biocompatible shell and structures to link these functions. With the rising number of necessary components it is becoming increasingly difficult to tightly control the synthesis of such complexes. Wagner and colleagues have successfully employed a system that, in its most complex form, consists of DNA, polylysine or polyethylenimine, a streptavidin-biotin linker, inactivated adenovirus, and transferrin (16) .
In an attempt to provide alternative DNA carriers for the assembly of such gene transfer systems, we have evaluated the potential of cationically modified silica nanoparticles as a transfection reagent. The ability of these particles to bind and to protect plasmid DNA was shown recently (17) .
Many polycationic transfection agents are limited in their in vitro transfection efficiency by a pronounced reduction in cell viability. Frequently, the peak in transgene expression is paralleled by the onset of cytotoxicity (2, 3, 18, 19) . Although some mechanistic studies have shown the immobilization of membrane patches (20) , lipid redistribution (21) , or the thermodynamic stabilization of lipid bilayers by polycations (22) , the processes that mediate the in vitro toxicity of polycations such as polylysine or polyethyleneimine is not understood. Recent approaches to reduce the toxicity of polymer-based transfection systems include the optimization of formulation parameters (19) or the modification of the polymer side chains by glycolylation (23) . Attention was therefore also paid to the effect of the newly synthesized DNA delivery vehicles on the viability of the exposed cell cultures.
EXPERIMENTAL PROCEDURES
Synthesis of Cationic Silica Nanoparticles. Silica particles surface modified with aminoalkylsilanes were produced as reported previously (17) . Briefly, batches Si10E and Si26H were synthesized by modification of commercially available silica particles (IPAST, NISSAN Chemical Industries, Tokio, Japan) with N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPS) or N-(6-aminohexyl)-3-aminopropyltrimethoxysilane (AHAPS). Twenty grams of particle suspension (corresponding to 6 g of particle dry weight), 20 g of water, and 12 mL of concentrated acetic acid were stirred for 16 h at 80°C with 7.2 g of AEAPS (Si10E) or 6 g of AHAPS (Si26H). The product was chilled, mixed with 25 mL of ethylene glycol, rotated for 2 h under vacuum at 50°C, and dialyzed five times for 24 h against 20 L of deionized water. For the synthesis of Si100E, silica particles were generated by the method of Stoeber (31) and subsequently modified with one weight equivalent of AEAPS. A mixture of 8 g of triethoxysilane (TEOS) and 13 g of ammonium in 250 mL of ethanol was subjected to a controlled hydrolysis and condensation reaction for 16 h at room temperature. The particles were collected by centrifugation, washed five times and modified with 4.36 g of AEAPS as described above. AEAPS, AHAPS, and TEOS were purchased from ABCR (Karlsruhe, Germany).
Degree of Modification of Si26H. The relative carbon content of unmodified and modified silica particle was measured on a C/H-analyzer, RC-412 (Leco, St. Joseph), using 100-200 mg of particle dry weight. The increase in carbon content was then related to the molecular weight of the hydrolyzed modificator (AHAPS) of 209 g/mol. This allowed the calculation of the degree of cationic modification of the base particle in moles of nitrogen per gram of particle dry weight.
Light Scattering Measurements of Potential and Particle Size. Potential titration curves were obtained using a Malvern Zetasizer 4 (Malvern, U.K.). The instrument was calibrated routinely with a -55 mV standard. Particle size was determined by photon correlation spectroscopy on a ALV 5000 (Laser Vertriebsgesellschaft mbH, Langen, Germany) at a scattering angle of 90°(sampling time 300 s).
Atomic Force Microscopy (AFM). Si26H-DNA complexes were mixed at a w/w ratio of 30 in distilled water, adsorbed to the surface of silicium wafers and the wet surface was examined by atomic force microscopy on a Nanoscope IIIa in tapping mode using a Si 3 N 4 cantilever with a spring constant of 34 N/m. Scanning was performed at a scan speed of 2 Hz with a resolution of 512 × 512 pixels. The tip loading force was minimized to avoid structural changes to the sample.
Ethidium Bromide Exclusion Test. For the measurement of ethidium bromide exclusion, DNA was diluted in 50 mM Hepes (pH 7.4) to yield a final concentration of 10 µg/mL, mixed with the desired amount of particle suspension or polymer solution and incubated for 3 min. The final reaction volume was 2 mL in all cases. One milliliter of ethidium bromide (800 ng/ mL), or water for the detection of background fluorescence, was added to one-half of the sample and the fluorescence was measured at λ ex ) 366 nm and λ em ) 590 nm in a F-2000 fluorescence spectrophotometer (HITACHI, Japan).
Agarosegel Electrophoresis. Nanoparticle-DNA complexes were prepared by mixing in 200 µL of 25 mM Hepes (pH 7.4) at a plasmid concentration of 20 µg/mL and electrophoresed on agarose gel (0.7%, ethidium bromide included for visualization) for 2 h at 70 V. Images were taken using a UV transilluminator and a Geldoc2000 gel documentation system (Bio-Rad, Munich, Germany). Band integration and background correction was performed using Molecular Analyst, version 1.1 software (Bio-Rad).
Cosedimentation Analysis. To measure the removal of DNA from the solution, nanoparticle-DNA complexes were prepared as described above and subjected to centrifugation at 21.000g for 15 min at room temperature. The concentration of soluble DNA in the supernatant was determined with Hoechst 33 258 dye (24) .
Cell Culture. Cos-1 cells were obtained from DSMZ (Braunschweig, Germany) and maintained in Dulbecco's modified eagle's medium (DMEM), supplemented with 10% fetal calf serum (Gibco BRL). Cells were incubated at 37°C with 5% CO 2 in air and subcultured every three to four days using trypsin/EDTA.
Transfections and Cytotoxicity Assay. For transfection, Cos-1 cells were plated in 96-well plates or 16-well chamber slides (Greiner) at a density of 10.000 cells/ well and allowed to adhere overnight. Nanoparticle-DNA complexes were prepared by adding the desired amount of particle suspension to 20 µg/mL (final concentration) plasmid DNA in water. After 15 min equillibration at room temperature, the complexes were diluted with one volume of 2xDMEM with or without 20% FCS and 200 µM chloroquine. The semiconfluent monolayers were washed once with PBS and incubated with 100 µL of the test suspension for 4 h at 37°C with 5% CO 2 in air. The cells were washed once with PBS and incubated for a further 48 h in DMEM + 10% FCS. Cytotoxicity of NP and NP-DNA complexes was determined in a separate set of experiments using the WST-1 assay (Boehringer Mannheim, Germany) according to the manufacturer's instructions. All assays were performed in six replicates.
-Galactosidase Detection. To assay the average cellular expression of -galactosidase, cells were washed once with PBS and lysed with 100 µL of 0.2% Triton X-100 (SIGMA) in PBS per well for 30 min at 4°C. Fifty microliters of lysate was mixed with 50 µL of fresh reaction solution (5 mM 4-methyl-umbeliferryl--D-galactoside, 100 mM D-galactose, and 2 mM MgCl 2 in PBS, pH 7.4) and incubated for 4 h at 37°C. The reaction was stopped by the addition of 100 µL 0.2 M glycine-NaOH For X-Gal staining, cells were fixed with 4% paraformaldehyde for 5 min at room temperature and stained with 1 mg/mL X-Gal (peqlab, Erlangen, Germany) in PBS for 4 h or overnight.
DNA. The -galactosidase expression plasmid pCMV was purchased from ATCC (Manassas, VA) and transformed into Escherichia coli DH5R. A Gigaprep from 2500 mL of overnight culture was performed according to the manufacturers instructions (QIAGEN, Hilden, Germany). The DNA was precipitated in 70% ethanol and reconstituted in water to 1 mg/ml.
Other Chemicals. Polyethylenimine with an average molecular weight of 60 kDa according to the manufacturer's information was purchased from SIGMA (Deisenhofen, Germany).
RESULTS

Transfection Activity of NP-DNA Complexes.
The ability of Si10E, Si100E, and Si26H to transfect the pCMV reporter gene plasmid at a fixed concentration of 10 µg/mL into Cos-1 cells was tested in serum-free and serum-containing medium in the absence and presence of 100 µM chloroquine. As shown in Figure 1A , all tested SiNPs were able to promote transfection. The efficiency was influenced by a number of parameters including the w/w ratio of SiNP:DNA, presence of FCS and presence of chloroquine. The pattern of transfection activity in response to the variables was similar for all nanoparticles.
Presence of 100 µM chloroquine in the transfection medium generally enhanced transfection by all nanoparticles, although there was substantial variation in magnitude. The effect of chloroquine was especially pronounced in the presence of serum, where it could enhance transfection by more than 10-fold for all nanoparticles.
There was also an optimum for the w/w ratio of particle to DNA. In the absence of serum but presence of chloroquine, this was 20, 10, and 10 for Si10E, Si100E, and Si26H, respectively. Above this optimum, a slight but constant decrease in galactosidase activity was observed. This, however, was not accompanied by a reduction in cellular protein content (not shown).
Addition of serum did not affect or improve the efficiency of transfection by all SiNPs. While this effect was relatively small or in some cases only marginal when Si10E or Si100E were used, the improvement of transfection by Si26H complexes prepared at a ratio of 30 was more than 10-fold. The addition of chloroquine and serum in combination improved galactosidase expression by 2 orders of magnitude, reaching approximately 30% of the levels achieved with polyethylenimine-DNA polyplexes prepared at a N/P ratio of 7.5 (w/w ) 1). At this ratio, pEI-DNA polyplexes showed the highest level of galactosidase expression in Cos-1 cells in our lab. However, maximum transfection activity coincided with 50% reduction in cellular protein levels when pEI was used as transfection agent. Figure 1 , panels B and C, show the influence of the SiNP to DNA ratio on the resulting galactosidase expression levels in more detail. Low but significant enzyme levels were detectable at w/w ratios of 3. In both cases, transfection in the absence of serum peaked at a ratio of 10. When more particles were added, the activity slowly declined. Supplementation of the transfection medium with 10% of fetal calf serum shifted the curve to higher SiNP:DNA ratios with a maximum at a w/w ratio of 30. Gene expression in experiments performed without the addition of 100 µM chloroquine was at a 2-10-fold lower level but paralleled this course.
Incubation with naked DNA did not result in measurable levels of galactosidase expression in this experimen- Figure 1 . Transfection with pEI, Si10E, Si100E, and Si26H. Semiconfluent Cos-1 cells were incubated with transfection complexes as described in the Materials and Methods. Expression of -galactosidase was determined using the fluorogenic substrate 4-methyl-umbelliferryl--D-galactoside. A total of 10 -3 enzyme units corresponds to approximately 2 ng of enzyme, and the detection limit was 10 pg of enzyme/well. tal setup. The transfection activity of SiNP-DNA complexes based on 10 and 30 weight equivalents of Si100E and Si26H was confirmed by histochemical staining with X-Gal (not shown).
In Vitro Cytotoxicity of the Transfection Reagents. All transfection reagents were characterized with regard to their effect on the viability of Cos-1 cell monolayers under the same conditions as used for transfection experiments. The LD 50 values are summarized in Table 2 . Only polyethylenimine significantly reduced the viability at concentrations required for efficient transfection. All nanoparticles tested displayed a 50% lethal concentration well above 1 mg/ml. Panels A and B of Figure 2 compare the cytotoxicity of polyethylenimine, the nanoparticle Si26H, and their complexes with plasmid DNA. When applied in concentrations used for transfection, pEI and pEI-DNA complexes reduced viability by up to 50%, while no significant toxicity could be detected for Si26H and its complexes with DNA. In the absence of serum, the factor between the Si26H concentration required for optimum transfection and the LD 50 of the corresponding complexes was approximately 25. Addition of serum further reduced the cytotoxicity ( Figure 2B ).
AFM. Atomic force microscopy of Si26H-DNA complexes revealed a structure that can be described with the spaghetti-meatball model. Figure 3 shows a typical example at high resolution. The surface was dominated by Si26H nanoparticles, while DNA strands were not visible and appeared to be localized in the interior. Although the DNA strands could not be resolved within the complex, it can be concluded from the absence of submicron aggregates in DNA-free samples that DNA is wound around and sandwiched by multiple nanoparticles to become physically condensed and covered by these. The size of the resulting complexes was found to be in the range between 100 and 200 nm.
Correlation of Physicochemical Parameters. There was a strong correlation between the nanoparticleinduced decrease in ethidium bromide intercalation, the electrophoretic immobilization of DNA and its removal from solution by centrifugation ( Figure 5 ). All three parameters show significant binding of plasmid DNA at w/w ratios Si26H:DNA above 1, reaching 50% at ratios between 4 and 5. At ratios above 10, >90% of the plasmid was bound to the particle surface as determined by agarosegel electrophoresis (Figure 4 ). Cosedimentation analysis predicted only 80% binding at this ratio. Upon addition of more Si26H, the DNA binding reached 100%. The exclusion of ethidium bromide from the complex, however, never exceeded 90%.
Si26H-pCMV complexes with w/w ratios of 10, 30, 100, and 300 were analyzed for their surface charge by potential measurement ( Figure 5 ). Addition of 10 weight equivalents of Si26H increased the potential from approximately -70 mV for free plasmid DNA to -34 ( 5 mV. At a ratio of 30, the complexes displayed a potential of +25 ( 5 mV, which did not increase further upon addition of more Si26H (28 ( 5 mV at 100:1 and 24 ( 5 mV at 300:1).
To relate the w/w ratio Si26H/DNA to the balance of positive and negative charges, the average content of the charge carriers nitrogen and phosphate per gram of Si26H and plasmid DNA, respectively, was calculated. On the basis of the carbon analysis of the unmodified base particle (IPAST) and Si26H, the degree of modfication could be estimated for Si26H as 0.000 48 mol of nitrogen/g of particle dry weight ( Table 1 ). The phosphate content of DNA can be calculated as 0.003 mol of phosphate/g of DNA, assuming an average molecular weight of 330 g/mol of nucleotide. Hence, the w/w ratios Si26H/DNA of 1, 10, and 30 correspond to N/P ratios of 0.16, 1.6, and 4.8, respectively (Table 3) . DISCUSSION For the purpose of gene transfer, DNA has successfully been complexed with a range of materials including polycationic polymers and cationic liposomes or included in chitosan micro-and nanoparticles. Attempts have also been made to adsorb DNA onto the surface of colloidal particles. So far, dendrimers which are typically smaller than 10 nm and organic nanoparticles that are around >1 mg/mL >1 mg/mL Si100E >1 mg/mL >1 mg/mL Si26H 2.5 mg/mL >6 mg/mL pCMV >1 mg/mL >1 mg/mL chloroquine 7.5 mM 9.5 mM a Semiconfluent Cos-1 cells grown on 96-well plates were incubated for 4 h with increasing concentrations of the transfection agent in DMEM or DMEM + 10% fcs, supplied with fresh medium and assayed for viability (WST-1 assay) after a further 48 h of growth in DMEM supplemented with 10% fcs. 300 nm have been evaluated (3, 25) . We have synthesized cationically modified silica nanoparticles with sizes of 10-100 nm, that can adsorb DNA, resulting in complexes typically between 100 and 300 nm that should be suitable for cellular uptake. It could now be demonstrated that these particles are also able to efficiently transfect plasmid DNA into cultured cells.
All of the three particle batches tested resulted in measurable and significant galactosidase activity, while DNA alone was inactive. The ratio of particle:DNA optimal for transfection correlated well with the DNAbinding behavior. As shown by agarosegel electrophoresis and cosedimentation analysis, 10 equiv of Si26H were sufficient to bind >90% of the plasmid DNA. The transfection efficiency in the absence of serum peaked at the same ratio. Interestingly, the resulting complexes still displayed a negative surface charge as shown by potential measurements. This confronts with the paradigm that either a high positive charge or specific cellular recognition is necessary for transfection. The addition of fetal calf serum further improved gene expression after transfection with these complexes. This effect was especially pronounced for Si26H-DNA complexes prepared at ratios above 10, which did also display a positive surface charge. This is surprising, as most polyplexes are either not or negatively affected by serum (26) . On the underlying mechanism can only be speculated. Both a Figure 3 . Atomic force microscopy of Si26H-DNA complexes. A suspension of Si26H was added to plasmid DNA to give final concentrations of 20 µg/mL DNA and 600 µg/mL Si26H. The sample was applied to silicium wafers and allowed to adsorb for 30 min at room temperature. Imaging was performed in tapping mode on a Nanoscope IIIa using a Si 3N4 cantilever with a spring constant of 34 N/m. physical stabilization or enhancement of cell binding by either specific or unspecific mechanisms would appear feasible.
Another feature of all investigated NP-DNA complexes is that transfection was strongly enhanced by the presence of chloroquine in the transfection medium. As chloroquine is thought to act either via inducing endosomolysis or delaying the endosomal decomposition (8) , this would suggest that the complexes are internalized by endocytosis and routed to the endosomal/lysosomal compartment. This is not surprising as this pathway is thought to be used by most polyplexes (9, 14, 27, 28) . However, there is still no agreement on the mode of action of chloroquine, and induction of complex dissociation is discussed as an alternative mechanism to endosomolysis (29) . Some of the polymers used for transfection, e.g., polyethyleneimine, possess an intrinsic endosomolytic activity, which has been associated with the buffering effect during endosomal acidification. Such polymers require higher nitrogen/phosphate (N/P) ratios of at least 6 for DNA complexation at neutral pH than nonendosomolytic polymers such as poly-L-lysine. Polylysine complexes are usually most effective in the presence of chloroquine and at N/P ratios between 2 and 4 (30). For Si26H-DNA complexes, we calculated a conversion factor w/w ratio to N/P ratio of 0.16 based on the carbon analysis of Si26H and an average molecular weight of 330 g/mol nucleotide. This correlates well with the negative potential at w/w ) 10 (N/P ) 1.6) when it is taken into account that the immobilized imino and amino groups are not fully protonated under these conditions. It would also suggest, that Si26H should, in regard to endosomolysis, rather behave like polylysine than polyethyleneimine. Increasing the buffering capacity of these cationically modified silica nanoparticles might therefore represent a rational approach to improve their potential as transfection agent.
There are a few unique features that make the surfacemodified silica nanoparticles described here appear as a promising DNA carrier for transfection systems. Although there are concerns that SiO 2 can exert adverse effects by the induction of NFκB (31), colloidal silica is biologically inert and showed much lower cytotoxicity than polyethylenimine. Silica is widely used in cosmetics and pharmaceuticals, for instance as highly disperse SiO 2 (Aerosil) as an excipient for solid oral dosage forms. Furthermore, existing technology could be applied to link ligand molecules via remaining functional groups onto the surface of SiNP-DNA complexes to mediate specific interactions. At least at a sufficient ratio SiNP:DNA, the complex surface is dominated by particle half-spheres, as shown by atomic force microscopy. It does not seem unreasonable to assume, that these half-spheres are not directly involved in DNA binding and carry functional groups that will allow further chemical modification without disturbing the structure of the complex. The facts that lyophilizing and autoclaving SiNP should, in principle, be possible, are further aspects that might make them an attractive addition to the existing repertoire of DNA vectors.
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ABBREVIATIONS
Abbreviations used: CQ, chloroquine; fcs, fetal calf serum; pEI, polyethylenimine; pLL, poly-L-lysine; SiNP, silica nanoparticles; w/w, weight/weight ratio. LITERATURE CITED Figure 5 . Physicochemical characterization of Si26H-DNA complex formation. Plasmid DNA was incubated with increasing amounts of Si26H at pH 7.4 in 50 mM HEPES for 10 min. Ethidium bromide exclusion from Si26H-DNA complexes, immobilization of DNA in the agarosegel by Si26H, removal of soluble DNA from solution by Si26H, and subsequent centrifugation and the potential of the formed complexes were determined as described in Experimental Procedures. a Assuming 0.00048 mol of N/g of particle and average 300 g/mol nucleotide.
